ABSTRACT: A series of adsorbents were prepared from palm shell powder (PSP) at different thermochemical conditions. APSP was prepared by treating PSP with H 2 SO 4 , PAPSP by further modification of APSP with K 2 S 2 O 8 at 150 °C and 9AAC by thermal activation of APSP at 900 °C. Fourier transform infrared spectroscopy analysis revealed similarity of functional groups in PSP, APSP and PAPSP, suggesting that functional groups are retained during chemical or physical treatment of PSP at 150 °C. A wide pH range (3-8) was found suitable for cadmium and zinc adsorption. The adsorption of Cd 2+ and Zn 2+ was found to be feasible, spontaneous, exothermic, and could be described by the pseudosecond-order kinetic model as well as by Langmuir and Freundlich isotherm models. The maximum adsorption capacity was found to be 363.636 and 238.095 mg/g for Cd 2+ and Zn
INTRODUCTION
Industrial activities such as mining and metal processing can lead to heavy-metal contamination in surface water, groundwater, or sea water, where they enter the food chain and cause toxic effects. Traditional metal removal methods such as chemical precipitation, chemical redox reactions, electrochemical treatment, membrane processes and ion exchange can be extremely expensive or inefficient, especially for large volumes of solution at relatively very low concentrations (Volesky 1990) . Adsorption has been widely used as a remediation technique for the removal of metals from various matrices. Activated carbon has been widely used as a versatile adsorbent for the adsorption of various pollutants from aqueous solutions (Cuerda-Correa et al. 2006) . However, production and regeneration of commercial activated carbons are still expensive and thus cost-effective alternative adsorbents have been the target of recent research for environmental protection. Biosorption is an emerging alternative technology. The biosorbent is an adsorbent of natural origin such as microorganisms (Congeevaram et al. 2007) , residuals of agricultural activities (Brasil et al. 2006; Lima et al. 2007 ) and wastes from food industries Jacques et al. 2007 ) that are available in large amounts. Agricultural by-products are usually composed of lignin and cellulose. The polar functional groups of these constituents, which include alcohols, aldehydes, ketones, carboxylic, phenolic and ether groups, have the ability to bind heavy metals by replacing hydrogen ions with metal ions in solution or by donating an electron pair from these groups to form complexes with the metal ions in solution.
Natural materials available in large quantities and certain waste products from industrial or agricultural processes have been investigated Mittal et al. 2007; Argun and Dursun 2008; Argun et al. 2009; Santhi et al. 2010) as low-cost adsorbents. Many plant materials can leach organic compounds such as chlorophyll and carotene in aqueous solutions (Henry 1952) . While using these materials for metal adsorption, the organic leachate produces a secondary pollutant in water bodies. Therefore, the material must be chemically treated or activated to remove the organic compounds (Gong et al. 2005) . Several agricultural by-products, such as nutshells, fruit stones, bagasse and agricultural residues from sugarcane, rice and peanut hulls, sawdust and barks from some easy-growing wood species, among other lignocellulosic materials, have been investigated as potential precursors for adsorption. These adsorbents were found to retain some polar functional groups on the surface, which are responsible for metal adsorption.
In continuation of our work on the use of palm shell powder (PSP) (Borassus flabellifer) and its modified forms as adsorbents (Kushwaha et al. 2009 (Kushwaha et al. , 2011a (Kushwaha et al. , b, 2012a Sreelatha et al. 2010 Sreelatha et al. , 2011 , in this study, we have used PSP and its modified forms (APSP, PAPSP and 9AAC) for the removal of cadmium and zinc. The APSP was prepared by carbonization of PSP with sulphuric acid and PAPSP by activation of APSP with persulphate at a temperature of 150 °C. At this temperature, partial carbonization is known to take place and functional groups are retained (Shafizadeh and Sekiguchi 1984; . Further, it was also felt that activation at 150 °C rather than conventional activation at high temperatures would be economical. The 9AAC was prepared by activation of APSP at 900 °C (9AAC) and its adsorption potential was compared with adsorbents prepared at 150 °C.
Zinc and cadmium, widely used in electroplating industries, are the model adsorbates used in this study. Zinc is an essential element for enzyme activators in humans, but it is toxic at levels of 100-500 mg/day and is a known carcinogen (Volesky and Holan 1995) . Cadmium is accumulated in the kidneys, which begin to malfunction at high cadmium concentrations, subsequently disrupting protein metabolism (Waalkes et al. 2000) . Therefore, this study is aimed at investigating the removal of Cd 2+ and Zn 2+ from aqueous solution using PSP, APSP, PAPSP and 9AAC.
MATERIALS AND METHODS

Preparation of Biosorbent Material
The PSP was treated with sulphuric acid (APSP) for oxidation of surface functional groups and then further subjected to different treatments: (1) persulphate (PAPSP) for further oxidation; (2) thermal treatment at 900 °C (9AAC) for increasing porosity and surface area. The method preparation and characterization of the sorbents is reported in our earlier work (Kushwaha et al. 2012b) .
Batch Uptake
The adsorbate stock solutions of Cd 2+ and Zn 2+ were prepared from their corresponding chloride salts (E-Merck) at a concentration of 1000 mg/l. Working solutions were prepared by diluting different volumes of the stock solution to obtain the desired concentration.
Batch adsorption experiments were conducted by taking 25 ml of solution (except for pH experiments) containing desired concentration of adsorbate maintained at pH 4.0 and 30 °C in 100-ml stoppered conical flasks. The solution was agitated with 0.1 g of the adsorbent on a rotary thermostat mechanical shaker at 180 rpm for 4 hours (except for the contact-time experiments). Experiments were carried out to determine the pH range at which the maximum uptake would take place on the adsorbents studied by varying the initial pH of the solution in the range 1-10 using 0.1N NaOH and/or HCl. The effect of the initial concentration (1-1000 mg/l) was also studied to determine the effect of the parameter on the adsorption of metal from the solution. The optimum contact time required for the concentration of metal in the solution to reach equilibrium was obtained by varying the contact time in the range 30-240 minutes. At the end of the predetermined time intervals, the suspensions were filtered and the metal content in the filtrate was analyzed using AAnalyst 200 PerkinElmer atomic absorption spectrophotometer. The uptake of cadmium and zinc by the adsorbents under study (q e ) was calculated from the difference between the initial and final concentration
where C i is the initial concentration of metal ion (mg/l); C e is the equilibrium concentration of metal ion (mg/l); m is the mass of adsorbent (g/l); q e is the amount of metal ion adsorbed per gram of adsorbent. Each experimental result was obtained by averaging the data from three parallel experiments.
The adherence of the data obtained to different adsorption isotherms models and kinetic models was tested. Thermodynamic parameters of the adsorption process (∆G°, ∆H°and ∆S°) could be determined from the experimental data obtained at various temperatures using following equations:
where R is the gas constant (8.314J mol -1 K -1 ) and T is the absolute temperature (K). Values of correlation coefficients and standard deviation were used to compare the models.
Desorption Studies
Approximately 0.1 g adsorbent was shaken with 1000 ppm of Cd 2+ or Zn 2+ metal-ion solutions on a rotary thermostat mechanical shaker at room temperature (approximately 30 °C) for 3 hours. The solution was then filtered and the metal-loaded adsorbents were washed two to three times with distilled water and dried. Approximately 0.1 g of the metal-loaded adsorbents was treated with 10 ml of 0.1M EDTA, 0.1M NH 3 and 0.1M HCl for 30 minutes on a rotary thermostat mechanical shaker. After 30 minutes, the amount of metal desorbed from the adsorbents was determined by AAS. After complete desorption, adsorbents were thoroughly washed with distilled water two to three times and dried at 70 °C in an air oven. Further adsorption-desorption experiments were repeated for three cycles.
Column Studies
Column experiments were conducted in a glass column with an internal diameter of 1 cm and a length of 30 cm packed with the adsorbent (5 g) under study. M 2+ solution of known concentration (1000 mg/l) at pH 4 was passed through the column of adsorbent at a flow rate of 1 ml/minute. Samples from the column effluent were collected at regular intervals and analyzed by atomic absorption spectrometry. The breakthrough time has been chosen as the time when the concentration of the effluent is 1 mg/l. Adherence of the column data to Thomas and Yoon and Nelson models was studied.
Fourier Transform Infrared Spectroscopy Analysis
Spectra for adsorbent and the metal-loaded adsorbents (1000 ppm of metal ion under study) were obtained using a PerkinElmer RX1 model within the wave number range of 400-4000 cm -1 . Specimens of samples were first mixed with KBr and then ground in a mortar at an appropriate ratio of 1/100 for the preparation of the pellets. The resulting mixture was pressed at 10 ton for 5 minutes and 16 scans with 8 cm -1 resolution were applied in recording spectra. The background obtained from the scan of pure KBr was automatically subtracted from the sample spectra.
RESULTS AND DISCUSSION
Uptake Studies
The pH of the medium from which maximum adsorption is taking place is an important controlling parameter in heavy-metal adsorption process. Therefore, uptake of Cd 2+ and Zn 2+ has been studied with respect to pH 1-10 as shown in Figure 1 . There was found to be an increase in adsorption capacity as pH is changed from 1 to 2 for all the adsorbents under study and then remained high in the pH range of 2-7 for Zn 2+ and in the pH range of 3-8 for Cd
2+
. As Cd 2+ and Zn 2+ are present as ions at a low pH (<4.5), the increase in metal adsorption from pH 1 to 2 cannot be attributed to the presence of different forms of metal species (Sheng et al. 2004) . The positively charged hydrogen ions may also compete with metal ions for binding to the ligands on the adsorbents. This implies that the functional groups on the adsorbents and their ionized forms under these pH conditions determine the extent of adsorption.
Specific interactions of metal-ion species with adsorbent surface and/or the existence of preferential adsorption sites may also affect the metal adsorption and could be responsible for the slight differences found in the adsorptive behaviour of Cd 2+ and Zn 2+ ions with pH variation (Seco et al. 1997 ). Optimum adsorption above pH 4 has been reported for Cd 2+ ion uptake on some other agro-based activated carbons (Budinova et al. 1994; Marzal et al. 1996) . At pH values above 7.1 and 8.3, zinc and cadmium precipitate as their respective metal oxides or hydroxides resulting in a decrease in adsorption (Chen and Yang 2005) .
It can thus be presumed that the mechanism for removal of Cd 2+ and Zn 2+ may be either an ion exchange or an electrostatic interaction depending on the solution pH. At pH < pK a of carboxylic groups, the removal could be due to ion exchange, as the binding sites are protonated. However, at pH > pK a in which the carboxyl groups are negatively charged, the metal ions may bind to the binding sites by electrostatic attraction (Choi and Yun 2006) . The hydroxyl groups can also become negatively charged at high pH, thereby contributing to metal removal at high pH (7-10). It was decided to perform all the adsorption studies at pH 6 for both cadmium and zinc.
The effect of variation in dose of the adsorbent was studied to obtain the saturation limit of the adsorbent to adsorbate ratio ( Figure 1 ). It was observed that when the adsorbent dose was higher than 0.06 g/25 ml, the metal ion uptake remained almost constant. Increase in the percentage uptake of metal ions with adsorbent dosage could be attributed to increase in the adsorbent surface area, and therefore, the adsorption sites were available for adsorption. By contrast, it is also seen that an increase in the adsorbent dosage leads to a decrease in q e . The decrease in q e may be attributed to the existence of concentration gradient between adsorbate and adsorbent with increasing adsorbent concentration, which causes a decrease in amount of metal ion adsorbed per gram of adsorbent under study (Kumar and Porkodi 2007). 
Adsorption Kinetics
The kinetics of adsorption describe the solute uptake, which in-turn governs the time of the adsorption reaction. The effect of contact-time variation on adsorption of Cd 2+ and Zn 2+ was studied and the results are shown in Figure 1 . It is seen that more than 50% of cadmium and zinc were adsorbed within 60 minutes and equilibrium adsorption was attained in 90 minutes for all the adsorbents.
The kinetic models of pseudo-first-order, pseudo-second-order, intra-particle diffusion and Bangham models were studied. The kinetic constants for the adsorption kinetics are presented in Table 1 . The pseudo-second-order kinetics provided a better fit for the kinetic data as compared with pseudo-first-order model. The q e values were very close to the experimental q e value for pseudo-second-order model and correlation coefficient values were > 0.99 for PSP, APSP, PAPSP and 9AAC, suggesting that the rate-limiting step in adsorption of metal is chemisorption involving valence forces through the exchange of electrons between adsorbent and adsorbate, complexation, coordination and/or chelation.
The Weber and Morris adsorption kinetic model plots obtained for PSP, APSP, PAPSP and 9AAC do not pass through origin, implying that the intra-particle diffusion is not the only operative mechanism. Bangham equation was applied to the adsorption data with reasonable correlation coefficients, which confirms the applicability of Bangham equation, thereby indicating that diffusion of metal into the pores of adsorbent correlates with the adsorption process. However, the not-so-linear curves indicate that the diffusion of adsorbate into pores of the sorbent is not the only rate-controlling step. The study of the various kinetic models reveals that the rate-limiting step is chemisorption, and diffusion of adsorbate from the liquid phase to the adsorbent surface and into the pores of the adsorbent might be having some role in deciding the rate processes.
Adsorption Isotherms
Freundlich, Langmuir, Temkin and Halsey isotherm models were used to study the adsorption of cadmium and zinc. Model fits for all the isotherms along with experimental data for adsorption of Cd 2+ /Zn 2+ on PSP, APSP, PAPSP and 9AAC along with the values of model constants, correlation coefficients, r 2 and SD values for all the system studied are presented in Table 2 . The Freundlich isotherm model fits the experimental data very well due to the heterogeneous distribution of non-identical and energetically non-uniform sites on the adsorbents under study. The n value of the Freundlich model falling in the range of 1.082-1.219 indicates favourable adsorption. For the Freundlich model r 2 varied from 0.994 to 0.999, while for Langmuir it varied from 0.890 to 0.998. In this work, although both the equations are obeyed, Freundlich isotherm model has a slightly better correlation coefficient and SD value indicating that surface of the adsorbents is heterogeneous in the long range but may have short-range uniformity (ElShafei et al. 2009 ) lack such heterogeneity and hence fitting to Temkin plot is of lower quality (ElShafei et al. 2009 ).
Multi-layer adsorption is generally discussed by the Halsey equation and is found to fit well with the experimental data having r 2 ≥ 0.994 (Torresdey et al. 2002) , which indicates that the mechanism may be a multi-layer adsorption for PSP, APSP, PAPSP and 9AAC. However, the values of K H suggest that multi-layer adsorption might be playing only a small role.
Thus, it can be concluded that the Freundlich and Langmuir isotherm model fits best with low SD values followed by Halsey and Temkin. The adherence to these models suggests that these adsorbents might have homogeneous and heterogeneous surface-energy distributions, which would induce single-and multi-layer adsorption occurring either simultaneously or one after another. The comparison of results of this work with the others found in the literature showed that Cd 2+ and Zn 2+ uptakes were similar to those obtained using biosorbent EF LSE10, but was much higher than the ones reported by the other wastes as shown in Table 3 . Interestingly, PAPSP and 9AAC were found to have similar adsorption capacity.
Thermodynamic parameters such as Gibbs free energy (∆G°), enthalpy change (∆H°) and change in entropy (∆S°) for the adsorption of cadmium and zinc were determined from the Langmuir isotherm. The negative value of ∆H°indicates that the adsorption of M 2+ on PSP, APSP, PAPSP and 9AAC is exothermic. The negative values of ∆G°indicate that the adsorption of Cd 2+ /Zn 2+ by the adsorbents under study is by physisorption and is spontaneous and thermodynamically favourable (Inglezakis and Poulopoulos 2006). The negative values of ∆S°are indicative of decrease in randomness during adsorption and a high affinity of the adsorbent towards the adsorbate.
Column Studies
The column breakthrough curves for cadmium and zinc are shown in Figure 2 . The effluent concentration is seen to have the typical 'S' shape. For cadmium, breakthrough is seen to take place at 278.61, 223.33, 170.10 and 156.80 bed volumes, respectively, using PSP, APSP, PAPSP and 9AAC, whereas for zinc, breakthrough took place at 346.21, 321.24, 164.40 and 176.78 bed volumes using PSP, APSP, PAPSP and 9AAC, respectively. Thomas and Yoon-Nelson models were also applied to the column adsorption data at a flow rate of 1 ml/minute at an initial metal-ion concentration of 1 g/l and bed height of 5 cm for both Cd 2+ and Zn 2+ with all the adsorbents under study. The respective values of Thomas rate constant (k Th ) and bed capacity (q Th ) were calculated from the linear plots of ln[(C 0 /C t ) -1] versus V eff and are presented in Table 4 . The experimental data fitted well with the Thomas model, which indicates that external and internal diffusion will not be the limiting step. 2+ and 204.082, 230.415, 238.095, 192 .308 mg/g for Zn 2+ using PSP, APSP, PAPSP and 9AAC, respectively, it can be seen that the less stirred property in column mode reduces the Cd 2+ and Zn 2+ adsorption capacity of the adsorbents under study. The trend observed in maximum adsorption capacity measured in batch system is different from that measured in columns as the diffusion coefficient is different in batch and column reactors and is also dependent on flow rate in column (Baral et al. 2009 ).
It is evident that both Thomas and Yoon and Nelson models predict essentially the same uptake capacity and C/C 0 values for a particular experimental set of data. Therefore, the same r 2 and SD values were obtained as also suggested by Baral and co-workers (2009) .
Desorption Studies
Solutions of 0.1N HCl, 0.1N EDTA and 0.1N NH 3 have been studied as eluents for desorption of Cd 2+ and Zn
2+
. From Figure 3 it is evident that desorption of Cd 2+ with HCl and Zn 2+ with EDTA resulted in greater than 92% and 99% recovery of these metals, respectively. Desorption of Cd 2+ with HCl indicates that ion exchange is involved in the adsorption process (Xiaomin et al. 2008) . It was observed that Cd 2+ and Zn 2+ were easily desorbed within 30 minutes, which would prove highly advantageous for metal recovery. From the figure it is also evident that the removal capacity of adsorbents decreased only by approximately 6% in the second cycle, and by approximately 6.5% in the third cycle. Thus, both regeneration and reuse of the adsorbents under study are economical and efficient methods for the removal of Cd 2+ and Zn 2+ from water.
Sorption Mechanism of Cd(II) and Zn(II) onto Modified Palm Shell
Mechanism
In this work, several different modifications have been applied to improve/modify the functional groups of PSP and enhance the uptakes of metal ions. The functional groups before and after metal adsorption on the adsorbents under study and the corresponding infrared absorption bands are shown in Table 5 . From Table 5 it is evident that there is a shift in wave number and decrease in the intensity of certain bands. The Fourier transform infrared spectroscopy (FTIR) spectra of PSP with APSP and PAPSP suggest that a large proportion /Zn 2+ and -OH and -NH during the adsorption of cadmium and zinc onto the adsorbents under study. Carboxylate groups exhibit bands in the range 1720-1732 shifting to 1709-1735 and 1200 cm -1 shifting to 1215-1263 cm -1 for the metal-loaded adsorbents under study. This shift could be due to the binding of the carbonyl group with metal ions (Sheng et al. 2004) . The bands at 1125-1127 cm -1 could be due to the -C-O stretching of ether groups, whereas the bands at 1032-1062 cm -1 could be assigned to the -C-O stretching of alcoholic groups. The shift of the absorbance peak of -C-O stretching of alcoholic groups for the adsorbents under study to a lower value after zinc adsorption indicates that alcoholic groups could also be one of the adsorption sites for zinc. Similar shift was not observed in the case of cadmium. This could be attributed to Cd 2+ being a softer acid as . The frequencies of C = O or C-O bond stretching and their differences (∆ = ν c = o -ν c-o ) in the different adsorbents under study are summarized in Table 5 . The difference between C = O and C-O bond stretching has been related to the relative symmetry of these two carbon-oxygen bonds and is reported to reflect the nature of carboxyl group-binding status (Chen and Yang 2006) . Table 5 shows that the adsorbents have much larger ∆ values than the metalloaded adsorbents. The lower values of ∆ in the presence of metal ions indicate the involvement of carboxylate groups in forming complexes with metal ions.
Our previous studies have revealed that APSP has higher iodine value (342.47 mg/g) as compared with PSP (146.82 mg/g) and PAPSP (299.7 mg/g). Activation of APSP at 900 °C (9AAC) resulted in an increase in iodine value from 436.82 to 990.44 mg/g (Kushwaha et al. 2012b) . The pH ZPC values were found in the following order: 9AAC (3.5) > APSP (3.6) > PSP (3.7) > PAPSP (4.06) (Kushwaha et al. 2012a ). Activation to higher temperatures has removed the functional groups and has resulted in a more porous and ordered structure (Kushwaha et al. 2012b) .
PAPSP was found to have highest adsorption capacity for both Cd 2+ and Zn 2+ as compared with PSP, APSP and 9AAC. Our previous studies have revealed that O/C ratios for the adsorbents under study were found to be in the order PAPSP~ APSP < PSP < 9AAC, suggesting that persulphate and acid treatment of PSP resulted in the increase of carboxyl functional groups (Kushwaha et al. 2012a) , which could bind with cadmium and zinc. By contrast, 9AAC contains only a few surface functional groups, with their concentration being low and highly porous (834 m 2 /g). It is reported to have greater number of micropores and mesopores as compared with PSP, APSP and PAPSP (Kushwaha et al. 2012b) . The adsorption here could be due to retention in these pores.
Furthermore, the adsorption capacities of 9AAC, PAPSP and PSP were found to be higher for Cd 2+ than for Zn
2+
. This can be attributed to the fact that the Pauling electronegativity of Cd (1.9) is higher as compared with that of Zn (1.6). The higher the electronegativity of the ion, the stronger is the attraction for the negatively charged ligands on the biomass (Burriel et al. 1989) .
It was also observed that APSP showed relatively lower adsorption capacity as compared with 9AAC and PAPSP, although its O/C ratio was also found to be higher. The APSP was found to have higher iodine value as compared with PAPSP. Moreover, it was also observed that APSP had higher adsorption capacity for Zn 2+ (230.4) as compared with Cd 2+ (187.3). This suggests that the mechanism of adsorption is different for APSP. The ionic radii (Pauling) of the metal ions are 0.97 (Cd 2+ ) and 0.74 (Zn 2+ ). Therefore, Zn 2+ can diffuse faster into the micropores. The sequence is also in line with the first hydrolysis constant values of these metal ions. Similar observations were made by Mahmood and co-workers (2011) .
On the basis of FTIR spectra as well as kinetic and isotherm modelling, the adsorption of Cd
and Zn 2+ on the adsorbents could be considered to be through (1) surface active functional groups such as hydroxyl, amine and carboxyl involving valence forces through the exchange of electrons, complexation, coordination and/or chelation and (2) intra-particle diffusion into the micropores. The first step dominates at low Cd 2+ and Zn 2+ concentrations, whereas the latter step at high Cd
and Zn 2+ concentrations. These speculations are in agreement with the previously reported mechanisms Febrianto et al. 2009; Li et al. 2009 Li et al. , 2010 Wang et al. 2009 ).
CONCLUSIONS
The functional groups associated with the adsorbents under study that are seen to play an important role in the removal of Zn 2+ and Cd 2+ are carboxyl, hydroxyl and amino groups. The maximum cadmium(II) adsorption capacity was 281.690, 187.266, 363.636 and 347 .222 mg/g, whereas for Zn 2+ , the maximum adsorption capacity was 204.082, 230.415, 238.095 and 192.308 mg/g for PSP, APSP, PAPSP and 9AAC, respectively. The adsorption data of cadmium and zinc were best fit by Langmuir and Freundlich models. Interestingly, the adsorption capacity of 9AAC and PAPSP was found to be similar, thus proving that PAPSP is a more economical and efficient adsorbent. The kinetic data showed that the pseudo-second-order kinetic model was a better fit than the pseudo-first-order and intra-particle diffusion models. The thermodynamic calculations indicated the feasibility, exothermic and spontaneous nature of adsorption of Cd 2+ , respectively, and the regenerated adsorbents can be used effectively for three adsorption and desorption cycles. Thus, based on the good uptake capacity, rapid kinetics, regenerability and low cost, the adsorbents under study prepared from palm shell appear to be promising for the removal of cadmium and zinc from aqueous solutions.
